We present a data-driven method for interactive simulation and visualization of fibrin fibers, a major component of blood clotting. A fibrin fiber is a complex system consisting of a hierarchy with at least three separate levels of detail. Using measurements acquired with an atomic force microscope (AFM) at the smallest scale in this hierarchy, a physically-based model for the larger scales can be constructed and then simulated. Unlike most traditional work dealing with Monte Carlo (MC) or Molecular Dynamics (MD) simulations, our method makes simplifying assumptions about the simulation and enables interactive visualization of simulated fibers in a virtual environment.
INTRODUCTION
When blood vessels are cut or injured, the loss of blood from the system is prevented by the transformation of fluid blood into a solid blood clot. This process is called coagulation or clotting. A blood clot consists of a plug of platelets enmeshed in a network of insoluble fibrin fibers. Since fibrin fibers are the major structural component of blood clots, determining the mechanical properties of these fibers can provide new insights into the wound healing process and advance our understanding of heart attacks and strokes. There has been much interest in determining the response of fibrin clots to mechanical stresses. Past investigations have mainly focused on the bulk mechanical properties of whole fibrin clots [9, 10, 12, 13, 15, 18, 19, 26, 27, 28, 34, 36, 37, 40, 42, 41, 46, 50] . There remains much to be discovered and understood about the properties of the individual fibers that comprise the clot. In fact, to our knowledge, the only work studying the mechanical properties of individual fibrin fibers is a recently published analysis based on similar experimental data [14] . However, none of this work has been concerned with the construction and simulation of more detailed structural models for individual fibers.
At the University of North Carolina (UNC) at Chapel Hill, we have developed a virtual reality interface for manipulating nanostructures, called the nanoManipulator [17, 45] (see Figure 1 ). Our nanoscale science research group has been developing suitable protocols to perform measurements of the mechanical properties of individual fibrin strands. The nanoManipulator VR interface is used to locate the desired modification site and its polyline virtual tip is 1 used to effect the modification. We also use this instrumentation to measure the rupture force and other mechanical properties of individual fibrin fibers. Our ultimate goal is to use the nanoManipulator to perform various virtual experiments. By simulating and predicting how the network of fibers may behave under different conditions in a "virtual laboratory", we can interactively change the mechanical properties of individual fibrin fibers due to various factors. Assuming that a computational model for describing the mechanical properties of individual fibrin fibers is given, we can validate it by comparing the simulation results from virtual experiements against the measurements taken in the laboratory under varying conditions. Given a validated model for individual fibers, we believe that it is feasible to develop a virtual prototyping system for predicting the group behavior of blood clots. This approach can potentially lead to the development of new wound dressing methods.
However, simulating individual fibers is a rather difficult task, as there are no validated models. One possibility is to use molecular dynamics to accurately compute the mutual interaction among fibrin molecules and with the solvent molecules. However, such simulations involve highly complex and costly computations at extremely small time steps and could easily take weeks or months even on high-performance parallel computers -clearly unsuitable for interactive manipulation in a virtual environment. Predicting the behavior of the entire blood clot using such techniques will be even more daunting as there are numerous fibers in each blood clot and simulating their mutual interaction will be computationally intractable. As a result, modeling and simulating fibrin fibers remains a major computational challenge for real-time manipulation in a virtual environment. Main Results: In this paper, we show that building upon the experimental data, it is possible to derive a computational model for individual fibrin fibers by a combination of data-driven modeling and physically-based simulation. More specifically, each fibrin fiber is a complex system consisting of a hierarchy with at least three levels of detail. Using measurements acquired with a VR interface at the smallest scale in this hierarchy, we construct a physically-based model for the medium level protofibril, which can then be simulated as a group to predict the behavior of each individual fibrin fiber in a virtual laboratory. Unlike Monte Carlo (MC) or Molecular Dynamics (MD) simulations, our approach makes appropriate simplifying assumptions, enabling us to achieve interactive simulation of individual fibrin fibers in a virtual environment. Organization: The rest of the paper is organized as follows. Section 2 describes previous work in related areas. We provide a brief overview of our approach and the simulation framework hierarchy in Section 3. Section 4 details various steps used in our simulation, as well as our methods for visualizing it. We discuss the implementation issues and demonstrate our prototype system in Section 5. We conclude with future research directions and open research issues in this area.
RELATED WORK
There exist no known, validated computational models to represent individual fibrin fibers. To our knowledge, the model we present in this paper is the first solution to this rather challenging problem. Our approach is inspired by recent work on data driven modeling in computer graphics and built upon existing constraint solving techniques.
Data-Driven Modeling
Traditionally, computational models based on developed analytical models have been used to design efficient numerical methods and effective algorithms for modeling various elements and phenomena in computer graphics. However, most existing analytical models were first derived based on observations of physical experiments under various simplifying assumptions. These first-principle models are not always able to capture higher order effects.
With the availability of high-quality sensors and measurement instruments, the new data gathered by these devices have been found to be sufficient to represent systems described by existing known analytical models. In addition, many objects, structures and effects currently do not have sufficiently rich model representations. Therefore, new approaches that attempt to process, retarget, refit, and adapt captured data to transform known measurements into images and animations have been proposed in many areas. They include shape representation [35, 1] , rendering [7] , surface reflectance [23, 25] , character animation [44] , simulation of deformable objects [22, 31, 21, 38] , medical applications [24, 6, 47, 4, 16] , etc.
Constraint Enforcement
A dynamical system is often subject to various internal and external constraints. To model and simulate individual fibrin fibers, various constraints and chemical bonds must be taken into account.
Constraint solving has been extensively studied in many different fields, such as CAD/CAM, molecular modeling, and theorem proving [3, 5, 20] . Some of the common approaches include numerical algebraic techniques, graph-based algorithms, logical interference and term rewriting, symbolic algebraic solvers, and propagation methods [3] .
One of the simplest and commonly used techniques is penalty methods for enforcing constraints. They proceed to cancel the applied forces that break the constraints through restoring forces. While effective for certain situations, our problem requires more exact constraint enforcement. We adopt a technique called constrained dynamics proposed by Witkin [51] in physically-based modeling, which we will describe in more detail in Section 4.
FIBRIN
Fibrin, as a substance involved in blood clotting, consists of four distinct levels of detail [49] , from largest to smallest:
Fiber Webs Webs of fibers serve as a scaffold for a blood clot, which includes an aggregation of platelets. These webs consist of large numbers of fibrin fibers and come into existence when branching occurs during the formation of structures at smaller levels. A photograph of such a web can be seen in Figure 2 . Fibrin Fiber Thick fibrin fibers are composed of many thin fibrin fibers wrapped around one another. Each thin fibrin fiber is composed of several protofibrils, which have aggregated in an organized manner. The number of protofibrils present can vary widely, with thin ones containing as few as 10 and thick ones hundreds.
Protofibril A protofibril is a double-chained structure, consisting of fibrin monomers. Initially the monomers are held together by non-covalent forces, i.e. van der Waals forces, but subsequently covalent bonds are added linking the end domains between adjacent monomers. Figure 3 shows the geometry of how the monomers combine to form a protofibril chain. The number of monomers present in a protofibril is typically around 20, although there is substantial variation dependent on the experimental conditions. 
Fibrin Monomer
The thrombin enzyme converts a fibrinogen molecule is converted into fibrin monomer. The process involves the cleaving of certain bonds, which allows fibrin monomer to polymerize into protofibrils. Individual fibrinogen molecules are large, complex chains consisting of approximately 25,000 atoms. At a coarser scale, the monomer can be divided into three important features: two large end domains and a smaller central domain. As force is applied to move the ends away from each other they unravel. In Figure 4 the simplified structure of the monomer is shown with these three features as well as lines in between them showing the current length of the unraveled portion of the chain. This paper focuses on simulation of fibrin fibers using measurement data acquired at the lowest level.
Measurement of Fibrinogen Properties Using the nanoManipulator VR Interface
The experimental data for the fibrin experiments was obtained using our nanoManipulator virtual-environment interface to a scannedprobe microscope. Fluorescent data captured on a scientific video camera was displayed aligned with motion of the probe tip, enabling us to watch the deformation of the fibers while recording force measurements. Initial placement of the probe was done by hand in 3D; semi-automatic controls were used to move the tip along desired trajectories during deformation. The nanoManipulator VR interface plays a crucial role in performing scientific experiments otherwise not possible. This VR interface is used to locate the desired modification site, and its polyline virtual tip is used to effect the modification. It also measures the rupture force and other mechanical properties of individual fibrin fibers. Fig. 5 shows an example of force measurements taken by the nanoManipulator. Later on, we plan to use the nanoManipulator to conduct virtual experiements on simulated fibrin fibers under varying conditions. 
Fitting Models
To capture the physical behavior collected in the above described measurements, it is necessary to fit them to a mathematical model.
Two models have been investigated in our work: Hookean and wormlike chain (WLC). The Hookean model is a common linear spring, whose behavior is described by
where f Hooke is the force exerted at the ends of the monomer, x is the elongation of the monomer, l is the rest length and k s is the stiffness. When using the Hookean model, k s and l are fitted from the measurements. The WLC model also relates force and extension length, but better estimates the non-linear extension behavior of the fibrin monomer. It has been used in modeling other polymeric structures such as titin [33] . This model is governed by,
where f WLC and x are analogous to those in the Hookean model. Both, the persistence length, b, which is analogous to bending rigidity and the contour length, L, the maximum attainable extension of the molecule are specific to a given molecular structure. T is the temperature in degrees Kelvin at which the experiment is conducted (typically, 293K). k is the Boltzmann constant (1.38
When using the WLC model, L and b must be fitted.
Fitting Process
The data acquired from the AFM contains noticeable noise (see Figure 5) , although for AFM measurements they are fairly low-noise. Additionally, the data has been collected over the entire course of the experiment (from pressing down, through elongation and past detachment), while we are only interested the elongation stage. A two step process is carried out to fit the data. First, the data is cropped to the elongation portion. This involves ignoring measurements with an extension of zero or lower and those following the precipitous drop accompanying detachment. Next, the actual fitting is performed by minimizing the sum of the squares of the difference between each measured point and the function to be fit using the Nelder-Mead method [29] . For the WLC case, the function minimized is,
where L and b are model parameters, f WLC is the force function for the WLC model described in Equation 2 at a fixed temperature, and P is the set of all measurements. The Hookean case is handled in a similar manner using Equation 1 with the k s and l parameters. The fittings of one of our measurements to the WLC model and the Hookean model can be seen in Figure 6 respectively. The use of the more complex WLC model is justified by its much tighter fit to the experimental data.
Measurement of Thin Fibrin Fiber Behavior
Experiments concerning whole thin fibrin fibers (with approximately 10 protofibrils each) are performed using the same equipment as described in Section 3.1. Instead of measuring force as an individual monomer is lifted off a surface, these experiments focus on determining the breakage force of an individual fiber whose two ends have been affixed to the surface. To reduce the effects of friction, there is a gap in the surface over which the fiber is draped. The fiber is then stretched laterally, resulting in the collection of force over displacement measurements. 
SIMULATION FRAMEWORK
After the experimental data has been acquired and fitted to our fibrin monomer model, the interactive simulation of the protofibril system is performed. The protofibril is represented as a particle system consisting of different classes of particles (free and static) whose interaction is dictated by specialized forces and constraints. Each free particle has a force accumulator, into which the various forces applied to the particle through interaction is summed. There are also static particles, which do not move according to Newton's laws of motion, but rather according to an externally controlled function. After all forces have been accumulated, the main equation of motion is numerically integrated using a fourth order Runge-Kutta scheme to update the positions and velocities of all free particles. Time step size as well as the exact distances between various components of the protofibril assembly are tunable parameters. For the time step size, we choose values small enough to maintain stability, but large enough to maximize interactivity. The distances between the components are estimated from measurements in the fibrin literature.
Fibrin Monomers
Each fibrin monomer is represented as three particles, which correspond to each of the three domains shown in Figure 4 . The "coiledcoil linkers" are modeled by connecting the particle representing the central domain to those two particles representing the end domains with separate WLC or Hookean forces. The parameters from these forces are derived from the fitting performed in Section 3.3. Because each stretchable chain is only half the length of a full fibrinogen molecule, some adjustment may be necessary for the parameters. In the Hookean case, the parameters require no modification as the force produced by elongating two half-sized elements half as much is the same as the force produced by extending one full-sized element. For the WLC model, the contour length needs to be halved to compensate for the use of two half-sized elements instead of one full-sized element. Examining Equation 2, it can be seen that halving the contour length in this case ensures that the fraction x L , which drives the increase in force, remains the same. The monomers are then replicated as many times as needed in an arrangement shown in Figure 3 to form a protofibril. A viscous drag term is added to model the overwhelming dominance of noninertial forces at the nanoscale. This has the fortunate side effect of greatly stabilizing the simulation and enabling somewhat larger time steps.
Bonds
In the Chemistry literature, bonds are often modeled by potential energy wells [30] . However, because the dimensions of a protofibril are orders of magnitude larger than the bond distances, both strong and weak bonds present in the protofibril can be modeled more simply. From this macroscopic perspective, as force is applied to a bond, no deformation occurs until a certain amount of force has been reached, at which point the bond instantaneously breaks. Initially we chose to represent our chemical bonds as Hookean springs, but this led to undesirable stretching. Unfortunately, as the stiffness of these springs was increased to correct for this problem, smaller time steps had to be taken to maintain stability, which limited our ability to perform the simulation interactively. To remedy this problem, constrained dynamics are employed to represent the intermonomer bonds as rigid distance constraints that break above specified force thresholds.
We briefly describe a formulation of general constraint dynamics [51] . At the core of this method is the use of constraint forces to hold certain particles in place according to various constraint functions. The primary equation for determining these constraint forces,
where,
J J J is the Jacobian matrix for the constraint functions over force (
). W W W is the inverted mass matrix containing a row and column for each particle. Q Q Q is the amount of other, non-constraint forces to be applied to the system.is the velocity of all particles. C C C is a vector containing the current value of each constraint function in use. The use of a dot over all quantities represents the derivative with respect to time. Strictly speaking, the last two terms on the right side are not mathematically necessary to ensure constraints are met. However, in practice these terms containing the tunable constants k d and k s combat numerical drift by elastically pulling the constraint values back to zero as necessary. Multiplication of known quantities results in a linear system with λ as the unknown vector quantity. Because the matrices are sparse, we use a conjugate gradient method [43] is used to efficiently solve for λ which is then multiplied by J J J T to obtain the constraint forces on each particle. The constraint forces are then added to the total force acting on each particle.
For representing bonds, we choose a constraint function which ensures that two particles remain a specified distance from one another so long as the bond has not been broken. Before breakage, the function is,
coiled-coil linkers strong bond weak bonds where x x x 1 and x x x 2 are 3D vector valued locations of the two constrained particles and r is the distance they are to remain apart. All bonds start out intact, but will break when a certain force threshold is reached. Although these thresholds can be set to arbitrary values, they have generally been observed to differ by an approximate factor of 10. After a bond has broken, the constraint is inactivated and consequently no longer produces constraint forces on its particles. Figure 7 shows the geometric arrangement of the strong and weak bonds. The only difference between these two kinds of bonds is that weak bonds use a lower force threshold.
Thin Fibers
For constructing an individual thin fibrin fiber, we have implemented the model described by Yang et al. [52] in the medical literature. This structure is best shown in Figure 8 . While this is one of several models proposed for how protofibrils structure into thin fibers (for example see also that of Weisel [48] ), the quantitative description of the Yang model lends itself best to implementation in a computer simulation. Additional weak bonds between different protofibrils not specified in the model as described by Yang et al. are added to provide a kind of cement that holds the assembly together. 
Virtual Experiments
Once the particles, forces and constraints have been properly set up, the virtual experiment of pulling on a protofibril or fibrin fiber begins. Mimicking laboratory conditions, one end of the structure is held in place by designating those particles as fixed. Particles on the other end are designated as special kinds of static particles (so called "mover particles") that move according to one of two possible functions. For thin fibers, empirically we have found it best to use a simple linear (constant velocity) function, while for protofibrils another method has proven to work well:
where v is the pull velocity, E k is the total kinetic energy of the system ( 1 2 ∑ iẋ x x 2 i ) and ε is the kinetic energy threshold. The effect of this movement function is that the chain is only pulled when the kinetic energy of the system is low. This causes the effective pull speed to be low enough to avoid significantly delayed force propagation, yet high enough to be interactive. Essentially, this approximates a static simulation that quickly reaches its equilibrium through the use of a dynamic simulation.
Visualization
Our choice of display of the protofibril assembly is inspired by hand drawn interpretations (in 2D containing lines and circles) and physical models (in 3D consisting of spheres and ribbons) of protofibrils found in the Pathology and Biochemistry literature [11, 48] . While this is possibly a natural and simple choice for displaying the geometry of a protofibril, it has the added effect of being familiar to scientists working in the area, which are the intended end users of our system. However, we go beyond these basic visualization techniques, most importantly adding motion derived from physical simulation to show how the location of the components evolves over time. Secondary visual information concerning bond breakage and stretchable chain elongation is also provided.
End domain particles and central domain particles are both shown as spheres, with the central domain spheres having a slightly smaller radius size than the end domain spheres to correspond to their smaller size in an actual fibrin monomer [11] . The spheres are colored a blue color. The linkers that connect particles at the fibrin monomer level are shown as thin ribbons, roughly approximating their physical structure. In the WLC case, the ribbons are colored according to the fraction of the current elongation over the maximum allowed in the model (contour length) via a black body radiation color map (black to red to orange to yellow to white). In the Hookean case, because there is no implicit maximum extension length, the ribbons are given a constant red color. The bonds that connect the particles at the protofibril level are rendered as thin cylinders, which are colored according to the fraction of the current force exerted on the bond over its breakage threshold via a color map that is similar to black body radiation but which uses green instead of red (going from black to green to yellow to white).
In both cases, the color maps are clipped in order to remove white for print media display and black for on-screen display. Correspondingly, a white background is used in print and a black one in on-screen display. We explicitly avoid the use of the rainbow color map here for its lack of an intuitive connection between values and colors, uneven transitions between colors and lack of variance in luminance. The black body and green color maps do not suffer from these problems. Furthermore, the use of two different but similar color maps makes it easier for the viewer to distinguish between the bonds and coiled-coil linkers when the protofibril is in an unstressed state. As each set of components nears its maximum sustainable force, the color maps converge to yellow in print or white in display. However, because at this point the viewer has presumably already located the components they are interested in observing, the lack of differing color is not a problem. This coloring of the linkages between particles enables the viewer to better see the particular state of the entire model. In particular, this information is most important in the case of bond breakage, since the current stress placed on the bond is not visible in any other way.
RESULTS
We have implemented the data fitting method described in Section 3.3 as an offline preprocess and the simulation method described in Section 4 as an interactive tool.
Implementation Details
The fitting preprocess is performed using a set of tools developed in Python [32] that make use of the third party software, SciPy [39] and Numeric [2] modules. The interactive simulation and visualization tool contains several pieces. The simulation engine was developed as an efficient Objective-C library that makes use of optimized BLAS [8] routines for improved performance. The actual tools have been built using the Cocoa framework on the Apple Macintosh platform and GNUstep on Linux.
Protofibril Simulation
Figures 9 through 13 show simulated pulling of a protofibril going from a state of rest through increasing tension and finally past the stage of bond breakage. For these images, the strong horizontal bonds' breaking threshold was set to 100 pN, while for the weak vertical bonds it was set to 10pN. Although in the actual system a black background is used, a white one has been used to here for better display on paper. The color maps have been clamped in a manner so as not to use colors too close to white. In addition to the visualization that helps the user understand the behavior of the protofibril, we have also extracted the force profile of the simulated pulling of the protofibril using the WLC model ( Figure  14 ). For these simulations, different breaking thresholds were used (50/500pN).
Validation of Thin Fiber Simulation
Figure 15(a) shows the experimentally measured force profile of a typical thin fiber, while Figure 15 (b) shows our simulation of a similar fiber. Note that the behavior is largely similar, although not identical due to simplifications in the underlying fiber model. Parameters for the monomers acquired earlier have been used here as well, while non-measured parameters and distances used come from medical fibrin literature discussed earlier in Section 1 and 2.
Performance
On a 1.33GHz G4 Apple Powerbook with 768MB of RAM, we are able to simulate a typically sized individual fiber containing approximately 15 protofibrils (5 × 5 × 1 grid with the requisite gaps described in Figure 8 ) at nearly 20 frames per second. Profiling of the running time indicate that for smaller chains, graphical display is the limiting performance factor. However, as the number of monomers in the chain is increased, the simulation time quickly becomes the dominant factor. Specifically, the performance of the linear algebra routines takes up the largest amount of program run time for larger systems with more bonds.
Discussion and Analysis
Although we have made simplifying assumptions primarily by representing a complex molecule consisting of tens of thousands of atoms as a kind of exponential spring, qualitative comparisons between actual experimental data and our simulation results indicate the adequacy and appropriateness of our assumptions. More importantly, the extreme complexity of many biological systems ne- cessitates such dramatic simplifications for the simulations to be computationally tractable. At the same time, even with these simplifications, the intuitive meaning of many of the remaining parameters of the complex system often is unclear. Fortunately, as we have shown here, experimental data can be used in an automatic process for determining optimal values of these parameters. Furthermore, measurements taken from actual real-world data at one level of hierarchy can be used as a building block for modeling other levels in a complex hierarchical system. Such an approach can be valuable when information or data at the other levels may not be available for a number of reasons, such as technological or experimental limitations or missing data.
CONCLUSION AND FUTURE WORK
We have presented a novel method for interactively simulating and visualizing fibrin fibers, based on measurements acquired using an AFM via the nanoManipulator. Traditionally laboratory experiments have been carried out to derive fundamental laws and a basic understanding of highly complex biological systems. We suggest that a combination of data-driven modeling based on experimental measurements and physically-based simulation built upon the empirical models at the lower levels of a hierarchical system can potentially provide a powerful tool in a "virtual laboratory" to assist and possibly accelerate scientific discovery.
One of our long-term goals is to incorporate larger scale layers into a unified multiscale physically-based, data-driven model of fibrin fibers and fibrin webs. Additionally, there is the possibility of investigating the application of such approaches to interactive manipulation of other nanoscale structures and materials, such as the system of cilia in the lungs, in a virtual environment.
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